Wideband indoor time domain measurements at 5.4 GHz are presented in this paper. A swept Time Delay Cross Correlator is used to measure the radio channel, and the measurements are performed using an autonomous robot that follows a predefi ned route line-of-sight and non-line-of-sight modern offi ce buildings. Analysis shows that the RMS delay spread follows a normal distribution whose mean does not always increase with distance. Also, the global statistics of the RMS delay spread follow a truncated normal distribution with a bett er fi t. Results are presented in the form of RMS delay spread and power delay profi les.
Introduction
Wireless communications are the fastest growing market of all times, where a need for seamless connectivity and mobility is apparent, especially nowadays that broadband applications are becoming increasingly popular among users. In order to achieve this, the communication system, the designer has to plan carefully and take accurate account of propagation channel impairrments. As modern digital cellular communication systems require larger bandwidths to support higher data rates, knowledge of the characteristics of the propagation channel becomes more signifi cant. Moreover, accurate modelling of indoor propagation is very complicated. Wideband measurements equip the system designer with direct knowledge of the channel behaviour.
There is increased activity in the 5GHz band, not only for Wi-Fi networks, as was the initiative of HIPER-LAN a few years ago; but also for the use of unlicensed Wi-MAX backhaul to other networks, such as the Internet. Wi-MAX has been already deployed successfully for public and private networks around the world, and seems to be still a valuable option for broadband wireless access until LTE becomes fully operational. Although some of these networks are destined to provide coverage outdoors, others will be mostly used indoors, serving mobile and stationary users in environments where high bandwidth is needed. Hence there is a great need for knowledge of the wideband channel, and measurements help to identify these most important characteristics.
Various wideband measurements procedures have been presented so far (Parsons, 1992) . The simplest of all is sounding the channel with a short duration pulse and sampling the received signal which is the convolution of the pulse with the channel impulse response. However, its main limitation is that it requires a high peak-to-mean power ratio to successfully detect low power echoes. Another common technique is to use a network analyzer to perform frequency domain measurements and treating the RF channel as a lossy fi lter. Time domain information is later obtained by inverse Fourier transform of the frequency domain data. The drawback of this measurement method is that both transmitt er and receiver must be physically connected to the network analyzer and mobile measurements may not be feasible. There is also a limitation with the period of the frequency sweep, which has to be long enough to sample all multipath echoes in the channel. On the other hand, mobile measurements are diffi cult if the sweep time is long, but if the sweep time is kept low, the channel will not be correctly sampled, since long echoes at the edges of the frequency range may belong to adjacent channels.
The technique chosen here to measure the channel is the Swept Time Delay Cross Correlator (STDCC) or sliding correlator, which is the easiest method to implement a wideband time sounder, since there is no need for fast sampling and data storage (Kivinen et al., 1999) . With this sounder, a carrier wave is modulated by a pseudo-random sequence, and is correlated at the receiver with a version of itself. This method shares the advantages of a spread spectrum communications system, where in-band interference is kept to a minimum, while the correlation process introduces processing gain (Cox, 1972) .
Also, a signifi cant advantage of the sliding correlator is that improved time resolution can be achieved by deconvolving the hardware impulse response from the received impulse response. Finally, the use of an autonomous robot platform to carry the measurements made the repeatability and traceability of the runs much easier and more accurate, a necessary requirement for the type of measurements we conducted here.
The paper is organized as follows. In section II the measurement setup, the robot platform and the measurement scenarios are presented in detail. In section III the analysis of the measurements are presented and the results are presented in section IV. Finally, the conclusions are presented in section V.
Measurement system definition
The sliding correlator is a popular method to study the mobile radio channel (Cox, 1972) . The transmitt er is a pseudo-random sequence generator with chip rate R c and length m. The receiver consists of a correlator, which correlates the transmitt ed signal with a slightly delayed version of itself, sounding the channel every time the pseudo-codes sweep past each other. There is a need for high quality reference sources at both transmitt er and receiver, since they are physically separated during each measurement. Hence, high accuracy atomic rubidium standards were employed in both ends, and were synchronized at the start of each measurement to ensure correct operation.
Time scaling or bandwidth compression is built in this sounding method, and defi ned from the scaling factor of the system, removing the need for fast sampling. The scaling factor is defi ned by the diff erence in clock rates as follows:
(1) where f and f' are the transmitt er and receiver sequence frequencies. The scaling factor has to be chosen carefully to avoid severe distortion in the cross-correlation as a result of a low K-factor (Cox, 1972) .
The dynamic range R of a STDCC sounder is solely dependent on the pseudo sequence length, only if system noise is ignored, and given by:
R= 20 log 10 m
(2) practice, however, this dynamic range is not achieved due to hardware limitations, but presents the best achievable dynamic range given a particular sequence length.
In order to study such a diverse and clutt ered environment, high multipath resolution has to be employed. This is dependent on the m-sequence length and its clock rate. The highest bound of the clock rate has to be adequate to sample speed of logic circuitry (Parsons 1992) .
Also, the maximum time delay that can be studied has to be taken into account, which is equal to mτ 0 , where m is the m-sequence length and τ 0 is its period.
Generally, the time resolution Δt is inversely proportional to the system bandwidth B, and again is limited by the hardware specifi cations:
(3)
The correlation between two correlations T can be expressed as a product of the m-sequence properties as follows:
T=m×τ×K
(4)
where m and τ are the sequence length and period, while K is the scaling factor. From system simulations, it has been found that the optimal choice of scaling factor for K=5m, and (3) becomes:
Measurement setup
As mentioned above, the setup consisted of a sliding correlator that probed the channel with 100MHz sequence rate. The transmitt er was entirely mobile, autonomous and took the part of a user walking around in a typical offi ce environment using a wireless service. The following sections describe the operation of the transmitt er and receiver.
Transmitter
A simple diagram of the transmitt er is shown in fi gure 1. The 5.4 GHz carrier is modulated by the 100MHz m-sequence. The length of the m-sequence has been chosen as 2047 to maximize dynamic range for the given speed of the mobile and centre frequency, and the scale factor K has been chosen to be 10235. If one of the frequency standards is clocked at 100MHz, the second must therefore be at 100.0097MHz. Also, from (3) the time resolution of the sounder is calculated in 10ns, which is adequate to characterize the wideband indoor channel.
Receiver
In the receiver, shown in fi gure 2, the signal is fi ltered and amplifi ed with a low noise amplifi er, and then down-converted to baseband. As mentioned previously, the signal is then multiplied with a similar msequence clocked at 100.0097MHz. The received signal R x (t) is the convolution of the impulse response h(τ,t) with the cross-correlation of the received and transmitted signals R x (t):
where denotes convolution and τ is the delay of the impulse response and is dependent on tK. The outputs of the receiver were the I and Q channels of the received signal, and were connected to a computer acquisition system which performed 16-bit A/D conversion and stored the sampled data for further data processing.
Antennas
Two sets of antennas were used for the measurements. The fi rst set consisted of omni-directional dipole antennas and the second set of a narrower beamwidth patch in the vertical plane, with a gain of 0dBi while the second had a 120 degree beamwidth with gain of 5dBi at boresight. In most of the measurements, the dipole was placed at the mobile transmitt er with the nulls facing top and bott om, while the patch was placed at the receiver. This way the transmitt er modelled a mobile user who requires an omni-directional antenna, while the receiver modelled the base station which uses more directional antennas with higher gain. With exception of one measurement, all the rest were performed with this antenna confi guration. The transmitt ing antenna was placed at the height of 1.5m on the mobile platform, while the antenna at the receiving platform was placed at a height of about 1.8, on plastic poles.
Measurement procedure
The goal of these measurements was to measure the small scale eff ects of indoor propagation with a mobile transmitt er. Three scenarios were chosen for the measurements, each investigating a diff erent property of the channel. These were Line of sight (LOS), Non Line of Sight (NLOS) and Corridor environment. These three scenarios were performed in two diff erent locations, one at the Centre of Communications Systems Research (CCSR) building in Guildford, UK, and the second at the Ericsson Telecommunications Centre in Burgess Hill, UK. All scenarios were performed in forward and backward directions to ensure repeatability of the measurements.
Finally, all measurements were performed in the same fl oor of the buildings, since fl oor-to-fl oor penetration measurements were not possible due to the limited dynamic range of the system.
The fi rst environment was a medium-sized three storey offi ce building at the University of Surrey (CCSR) that consists of offi ce, corridors and some laboratory spaces. The offi ces were small rooms (typical room area 6m2) and larger areas (~ 20m2) occupied by desks and tall partitions, with light walls between the rooms. Measurements were performed on the second and third fl oors, with antennas placed on the same fl oor during a measurement.
The ETL environment was similar to the fi rst one, but at a much larger scale. The open plan offi ce spaces were far larger (~100m2) and the walls reinforced, while there were more offi ces and open spaces. Also, the walls were far more reinforced and generally the building was more clutt ered. These measurements provided characterization of two very diff erent common offi ce building types.
Autonomous mobile robot platform
The transmitt ing platform was mounted on a robot that followed a predefi ned track. This allowed measurement of the mobile radio channel without the interference of a human body near the transmitt er or receiver, which has been shown to have signifi cant eff ect on the channel (Ganesh et al., 1993) . The mobile platform is an advanced autonomous positioning system that has been designed and built in CCSR (Aragón et al., 2000) . It follows a track on the fl oor, performing forward, left and right steering actions. Three infrared transceivers are placed at the lowest deck and point to the fl oor, and are confi gured to sense the refl ection of light from lightcoloured tape. The robot corrects its position with the reading from these sensors.
The mobile platform also includes some intelligent processing to simplify its operation and allow for some powerful data processing. High resolution optical encoders were used in the wheels of the robot to accurately sample its position, along with a gyroscope to correct any errors from the simple odometry algorithm (Aragón et al., 2000) .
The position of the robot was transmitt ed wirelessly using a Digital Packet Radio Controller during each measurement. Ultrasonic sensors were included to provide a reference point for the measurements and all of the above were controlled by powerful micro-controllers.
The transmitt er was mounted on the robot and the transmitt ing antenna was placed on top of the whole platform, on a polystyrene box to minimize interaction between the antenna and the metallic housing of the transmitt er.
Measurement description
Measurements were performed in two dissimilar environments, but both classifi ed as typical offi ces. This section presents the various scenarios performed for the measurements and their respective results. DOI: http://dx.doi.org/10.22201/fi.25940732e.2012.13n2.014
CCSR measurements
The CCSR building was a π-shaped three storey building that mainly contained offi ces, soft portioned cubicles, corridors and some laboratories. The majority of the CCSR measurements were performed on the third fl oor of this building, which mainly consisted of a long corridor which had single offi ces in one side, and portioned cubicles on the other. Some measurements were performed on the fi rst fl oor, which was similar to the second, except that the cubicles were replaced by laboratories and computer rooms.
Scenario 1. Line-of-Sight (LOS)
This scenario was performed in the second fl oor of CCSR, in a partitioned offi ce full of desks, soft partitions and fi ling cabinets. The transmitt er followed a π shaped route in the room, and both transmitt er and receiver were equipped with the patch antennas. Figure 3 illustrates this scenario.
Scenario 2. Non Line-of-Sight (NLOS)
Similar to the previous scenario, this scenario took place on the third fl oor of the CCSR building with the exception that the transmitt er and receiver were placed in diff erent rooms. Also, the transmitt er was equipped with an omni-directional antenna. Figure 4 illustrates this scenario.
Scenario 3. Corridor
This scenario took place in the third fl oor of the CCSR Building, in the long corridor. The antennas were as in Scenario 2, omni-directional at the transmitt er and patch at the receiver. Figure 5 illustrates the third fl oor of CCSR and the third scenario.
Human effect
This scenario was performed on the second fl oor of CCSR, in a long corridor. The eff ect of people has been proven to aff ect the quality of the link dramatically, especially if they are present near the receiver or transmitt er (Ganesh et al., 1993) . Also, it is reported that the worst case occurs when humans moving in the vicinity of the link randomly (Herradón et al., 1999) . The transmitt er and receiver were stationary, while several people were placed across the link, to study the eff ect of mobile users. Measurement without people, with people walking across and along the link performed. Both antennas were patches and pointed at each other at a height of 1.5m. 
ETL scenarios
As with the scenarios in CCSR, these were per-formed in the ground and fi rst fl oors of the ETL building. The scenarios followed a similar patt ern to those performed in CCSR, with a similar patt ern of those performed in CCSR, with the exception of the NLOS case, where the receiver was placed in a small seminar room and the transmitt er moved in a small seminar room and the transmitt er moved in an area full of partitioned cubicles outside this seminar room.
The major diff erences from the CCSR environments were the lower height partitions, the more clutt ered spaces in the LOS and NLOS scenarios, the thicker walls and the much wider corridors.
Data analysis
It is possible to improve time resolution with the sliding correlator, by deconvolving the system response out of the measurement with the transmitt er and receiver connected with a cable and an att enuator in line. Compensation has been introduced later for this att enuator.
After a back to back measurement has been done, normal measurements can be calibrated with the following method.
Deconvolution analysis
Let the back to back received signal and the channel response to be measured be:
where t is time and τ is time delay. The arrow denotes that these two arguments are Fourier transform pairs. The received signal in the presence of noise in the receiver is:
where denotes convolution. If we correlate with the back to back signal, we get:
where s*f is the complex conjugate of S(f). We can write
Convolution with r(τ) will reduce time resolution, but we can improve it by deconvolving the back to back impulse response. Hence:
From the previous equation we can see that in the absence of noise, this gives an exact estimate of the channel. However, if S (f) 0 at f clk , noise in the region of f clk is magnifi ed hugely. This will potentially obliterate the measured impulse response when translating back to the time domain. Therefore, we must add a small offset to the denominator of (12) to compensate for this:
In the analysis, λ took values of 0.005 to 0.01. Ideally, delay resolution is maximized for a very small value of λ (Kivinen et al., 1999) , but noise is amplifi ed as λ is made smaller.
RMS delay spread
The RMS delay spread is the most signifi cant description of the mobile channel. It is defi ned as: (14) where h(t) is the impulse response of the channel and τ m is the mean delay:
The mobile channel is very sensitive to the value of the RMS delay spread, since it is an indication of the multipath severity and potential Inter Symbol Interference (ISI) on the channel. It has been mentioned in the literature that communications system can support data rates of up to a few percent of the inverse of the RMS delay spread without RAKE reception or equalization (Hashemi et al., 1994) . However, it has also been reported that RMS delay spread is an important parameter in certain cases (Glance et al., 1983) .
Goodness of fit tests
Goodness of fi t tests are used to estimate whether a given signal follows a given distribution function. There are several tests suitable for the task, but the most important ones are Kolmogorov-Smirnov and Anderson-Darling tests.
The Kolmogorov-Smirnov test has widely been used in mobile communications for goodness of fi t tests. It is based on the following formula (Kraft et al., 1968) :
where D n is the sample distribution defi ned by:
where F is the hypothetical distribution function and n is the number of measured samples.
The Anderson-Darling test is based on the following equation (Stephens, 1974) : (18) Both statistics are then compared to tables found in literature, and the measured data either fail or pass the given tests. The Kolmogorov-Smirnov is less powerful that the Anderson-Darling test, since it concentrates on the centre of the distribution, but not at the tails. Also, it performs well up to a sample size of 50, after which it performs poorly compared to the Anderson-Darling test.
The latt er also is not limited to the centre of the distribution. Both tests have been performed on the RMS delay spreads of the measured data.
Results
This section presents some of the results from the measurements in most common formats. In almost every case, there is strong correlation in the forward and backward cases.
Power delay profiles
Sample Power Delay Profi les are shown in fi gures 6 and 7. It can clearly be seen that the cross polar component is in all cases lower than the co-polar, as expected. It is interesting to note though, that especially in the CCSR scenarios, that the cross-polar LOS component is att enuated or does not even exist, but scatt ered paths are strong an almost equal to the co-polar ones. However, this does not apply to the second pair of PDPs shown, since the fi rst PSP is from a pure LOS case, where most of the power of the impulse response is in the LOS component, while the second is from ETL corridor which remains empty. Finally, it has been confi rmed that the scatt ering objects are displayed as an exponentially decaying impulse in the impulse response (Saleh et al., 1987) , for a variety of reasons. These can be diff use or multiple refl ections near the transmitt er or receiver. Figure 8 shows the Power Profi le (PDP) of a forward corridor measurement in CCSR. A signifi cant secondary refl ection is present which exhibits decaying delay since the transmitt er is traveling towards the scatt ering object. Since the measurements were performed in such a clutt ered environment with scatt erers always near the transmitt er and receiver, it was not always possible to correctly identify diff erent clusters in the PDPs, unless 
Effect of humans
This test studied the eff ect of people in a 5m link setup on a corridor. The results were compared with the free space case, and with people walking across and along the link, or just being stationary. The excess att enuation is not signifi cant when only one person is walking across the link, but severe fl uctuations appear when all four people were walking across the link randomly. Excess att enuation for this case is up to 15dB. However, it is interesting to note that the worst case is when one person is walking along the link, causing excess att enuation of up to 20dB. A sample PDP is shown in fi gure 10, where all humans were walking across the link during the measurements. : http://dx.doi.org/10.22201/fi.25940732e.2012.13n2.014 
Local statistics of the RMS delay spread
Local statistics are defi ned as the results of a single scenario or a single measurement within a scenario. The signifi cance of the results is quite important since they give information about each case separately, and help distinguish which case is suitable for communication. Figures 11 and 13 illustrate the delay statistics for the CCSR and ETL LOS and NLOS scenarios, for both polarizations received. In the LOS cases, the mean delay is increasing, since the transmitt er is moving away from the receiver. On the other hand, the RMS delay spread is decreasing. The antennas used for this scena-rio were both patches, and pointed away from each other. Hence, at the beginning of the measurement there was no direct path between the two antennas, but as the measurement progressed, the transmitt er and receiver came into line-of-sight. On the other hand, in the NLOS case, the RMS delay spread is increasing, since a dipole was used at the transmitt er.
It is interesting to note that in some of the measurements, the cross-polar. This is explained as the lack of dynamic range of the system which is not able to always analyze the higher delay and att enuated paths that contribute to the RMS delay spread.
The RMS delay spread has previously been found to follow a normal distribution with mean that increases with antenna separation (Hashemi, 1993) , (Sexton et al., 1989) or even that it stays constant due to equipment limitations (Varela et al., 2001) . In our analysis, it has been confi rmed that indeed local characteristics of the RMS delay spread follow closely a normal distribution. Also, in the mobile measurements performed, the mean of the RMS delay spread does not always increase with distance, especially in the corridor scenario in CCSR, where it decreases with the antenna separation. This was confi rmed with both forward and backward cases. The area near the receiver was more clutt ered than the rest of the run, which may account for the decreased delay spread as the transmitt er moves away from the receiver. Also, the refl ected paths from the walls start to group up as the transmitt er moves away from the receiver, resulting in a lower delay spread. Finally, due to the limited dynamic range of the measurement system, higher delay paths which are att enuated further are not As seen from fi gure 12 the transmitt er is moving away from the receiver, resulting in increasing mean delay throughout the measurement. However, the RMS delay spread decreases with antenna separation. The cdf of the RMS delay spread follows a normal distribution as can be seen from the same fi gure.
The local statistics have been checked against a normal distribution with the goodness of fi t tests mentioned above. The results passed both tests for 90% confi dence interval and fi t closely a normal distribution.
Global statistics
Global statistics are defi ned as the results of a full site measurement, these being in CCSR or ETL. In global statistics, the RMS delay spread follows a truncated normal distribution. This is in contrast with various publications (Hashemi et al., 1994) which mention that the RMS delay spread always follows a normal distribution for both global and local statistics. As before, the results were tested against a truncated interval of 90% with both the Kolmogorov-Smirnov and Anderson-Darling tests.
It is also interesting to note that the RMS delay spread is highly dependent on the environment of the measurements. In the CCSR building, minimum RMS delay spread was observed in the LOS scenario, moderate at the NLOS case, and maximum at the corridor scenario. On the other hand, these were quite diff erent for the ETL building. Minimum RMS delay spread was observed for the LOS case, moderate for the corridor case, and maximum for the NLOS case. This can be easily explained since the corridor scenario in the CCSR DOI: http://dx.doi.org/10.22201/fi.25940732e.2012.13n2.014
building was a quite clutt ered environment, where in ETL it was a wide empty corridor. Also, in the ETL building, the NLOS case was performed in a much bigger open plan offi ce than the corresponding CCSR scenario, resulting in increased RMS delay spread, (fi gures 14, 15).
Summary and conclusions
Analysis of wideband radio measurements at 5.4GHz in two diff erent building was presented. Time-domain analysis using the sliding was presented, which gave impulse response estimates of the radio channel. Using this data, local and global analysis spread variations in these environments. Results have been presented in the form of Power Delay Profi les and delay statistics. The RMS delay spread showed good fi t to a normal distribution in local statistics, but a truncated normal distribution was a bett er fi t for global statistics, being a disagreement with various publications. Also, the mean of the RMS delay spread did not always increase with distance, and in some cases decreased with distance. The environment of the measurements had a signifi cant impact on the RMS delay spread, especially when the measurements were performed in a clutt ered or an empty environment.
Finally, temporal measurements with humans interfering with the link were performed, showing that signifi cant fading occurs when there are random movements in the vicinity of the link. 
